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In this contribution, I give a brief overview of the latest results related to the
production, spectroscopy and lifetimes of bottom and charm hadrons. Several
interesting experimental results were presented in this field in 2012. The focus will
be on the findings of experiments performed at hadron colliders, since the LHC
is the main player this year, with a brief mention about electron-proton collider
results.
1 Introduction
The phenomenology of heavy-flavored (HF) hadrons is an essential workbench for
the understanding of strong interactions. Measurements in this field can provide
useful tests of QCD, and give input for tuning models, and refining event generators.
At hadron colliders of TeV energies, heavy quarks are produced copiously, and the
amount of data that can be stored for these studies are limited only by the allocated
data-logging bandwidth and by practical constraints connected to the storage and
reprocessing of the large volumes of information.
The start of the LHC opened a new era in this field, extending the reach in
transverse momentum and introducing into the arena, for the first time at a hadron
collider, a detector completely dedicated to heavy-flavor physics in the forward re-
gion (LHCb). The general-purpose LHC detectors, ATLAS and CMS, are also
adding high-quality data and complement well the rapidity and transverse momen-
tum coverage of LHCb. In addition, the now ended Tevatron experiments CDF
and D0 are still producing new results from the analysis of their datasets, as are
H1 and ZEUS at HERA.
In this contribution, I will review in particular three aspects of heavy-flavor
physics: production, spectroscopy and lifetimes. Other important topics, like CP-
violation, are discussed elsewhere in these proceedings [1]. The area of heavy-flavor
production is the one in which the largest quantity of results was presented in
the past twelve months. Since it would be impossible to present them all, I’ve
tried to arrange them by experimental technique and to provide a few examples of
measurements executed with each of these techniques. There where several surprises
in the area of spectroscopy, with a number of new states and decay modes being
discovered. The precision measurement of the lifetime of heavy-flavored hadrons
has two important highlights: new measurements that shed light on the Λb lifetime
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puzzle and the precision measurement of the Bs lifetime. I hope that the following
pages will provide a useful compendium of heavy-flavor results published this year.
2 Heavy-Flavor Production
A precise understanding of the mechanisms of HF production can be viewed as
one of the ultimate tests of QCD, and allows us to probe our knowledge of the
fundamental constituents of matter and their interactions. Several ingredients are
in fact needed to predict HF production cross sections. First, a precise knowledge
of the structure of the projectiles, protons or anti-protons, must be available in
order to make predictions about the final state. This translates into the need to
know the parton distribution functions (PDF) of the nucleons in the kinematical
regions of interest. For this piece of the puzzle, the high-energy community has
profited from a decade of measurements carried out at ZEUS and H1 using the
HERA electron-proton collider at DESY.
The next step is the calculation of the so-called hard process, i.e., the hard
scattering or annihilation in which the partons inside the projectiles participate.
This is a perturbative process that, in principle, can be calculated with the desired
precision. However, the calculation is not free of technical difficulties, for example,
including the higher-order perturbative diagrams and applying a consistent renor-
malization scheme in order to re-absorb the infrared divergences originating from
the emission of soft gluons.
Once the perturbative hard process has been consistently accounted for, one
faces the most difficult part of the calculation, which is the problem of describing
the fragmentation of the partons that are the products of the hard process itself.
Fragmentation describes how heavy-flavored hadrons are produced from the heavy
quarks that are involved in the hard scattering. This is a inherently nonperturbative
process. Current models use either fits to e+e− collider data or parton-shower
Monte Carlo simulation techniques. Finally, in order to include the experimentally
accessible final states, the weak decay of the bottom (or charm) hadrons must be
properly taken into account.
The process of heavy-flavor production and decay is illustrated in Fig. 1 (in-
spired by [2]), where the red circle represents the hard interaction, the green one
the fragmentation process and the blue the weak decay. As a concrete example,
suppose we want to predict the cross section for the process pp→ B+X → J/ψ+Y .
Following the above scheme, we can write :
dσ(b→ B → J/ψ)
dpT
=
dσ(b)
dpˆT
⊗ f(b→ B)⊗ g(B → J/ψ),
where pT is the transverse momentum of the J/ψ, pˆT is the transverse momen-
tum of the parton undergoing the hard scattering (described by the PDFs), f is
the fragmentation function and g describes the weak decay.
Several kinds of experimental measurements can be used to probe our under-
standing of HF production. One of the easiest ways is by measuring electrons and
muons originating from the decay of HF hadrons. Another possibility is to perform
an inclusive measurement, using the signature provided by a displaced J/ψ to tag
Bottom Production, Spectroscopy and Lifetimes 3
Figure 1. Pictorial representation of the production process of heavy-flavored hadrons.
the presence of a b hadron. Heavy flavors can also be studied in association with
jets, for example by measuring D∗ mesons produced in jets. HF production can also
be studied via exclusive final states (B+, B0, Bs, Λb). Quarkonium and bottomo-
nium are examples of systems that can be investigated in a relatively easy way, and
can give valuable information about the dynamics of the strong interaction. In the
following sections, I will give some examples of recent measurements of the kinds
listed above. Production of HF in association with vector bosons and multiple-HF
production (e.g., double J/ψ) are covered by the contributions at this conference
of Bob Hirosky and Ellie Dobson, respectively.
2.1 Inclusive cross section measurements of electrons and muons from HF
decays
Both ATLAS and CMS have made inclusive measurements of the HF production
cross section using electrons and muons. ATLAS [3] presented an inclusive cross
section measurement for both electrons and muons, after subtraction of the contri-
butions from W, Z and Drell-Yan processes. The data are in agreement with predic-
tions from FONLL [4] and POWHEG [5], as can be seen in Fig. 2 (left). CMS stud-
ied the production cross section of muon pairs from the process pp→ bbX → µµX ′
[6]. Muons from b decays are selected by using the decay length in the transverse
plane to discriminate against promptly produced muons. Data are compared to
MC@NLO [7] predictions and are found to be compatible within the experimental
and theoretical uncertainties (Fig. 2, right).
2.2 Inclusive b production cross sections via Hb → D∗+µ−X
ATLAS presented a measurement of Hb → D∗+µ−X, with D∗+ → pi+D0 and
D0 → K−pi+ (and charge conjugates) [8]. Here, Hb is a generic hadron containing
a b quark. The D∗+ candidate is required to have |η| < 2.5 (where η represents
pseudorapidity) and pT > 4.5 GeV. Monte Carlo simulations are used to subtract
nondirect semileptonic processes that contribute to the D∗+µ− data sample. Re-
sults are compared to POWHEG and MC@NLO, and found to be systematically
higher than predictions, although not by a lot considering the theoretical uncer-
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Figure 2. Left: inclusive electron and muon cross sections as a function of pT from heavy-flavored
hadrons by ATLAS [3]. Right: distribution of dxy for muons pairs from heavy-flavor decays from
CMS [6]. The different components are combinations of muons originating from a b quark (B), c
quark (C), prompt tracks (P) and decays in-flight (D). In both figures, the bottom plots represent
the comparison of theoretical predictions to the data.
Figure 3. Left: cross section for the process Hb → D∗+µ−X from ATLAS [8]. Right: exclusive
B+ production cross section from LHCb. Both figures show the experimental data as well as
theoretical predictions [12].
tainties, as can be seen in Fig. 3 (left).
2.3 Exclusive B+ production cross section at 7 TeV
The LHCb Collaboration has published a measurement of the exclusive cross section
for pp → B± → J/ψK+ with 35 nb−1 of data at √s = 7 TeV [12]. This is
the first measurement of B production at hadron colliders in the forward region
(2.0 < y < 4.5, where y represents rapidity). The transverse momentum of the B
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Figure 4. Left: Λb production cross section as a function of pT from CMS [13], compared to
several theoretical predictions. Right: production cross section of nonprompt J/ψ from CMS [9],
in different rapidity ranges, compared to FONLL predictions.
hadron reaches up to 40 GeV. Good agreement with FONLL predictions is found.
The B+ production cross section as a function of pT can be seen in Fig. 3 (right).
The uncertainties in the theoretical calculation arise primarily from the choice of
renormalization and factorization scales and from the b-quark mass.
2.4 Exclusive Λb production cross section
The CMS Collaboration has published a study of the Λb differential cross section,
as a function of transverse momentum and rapidity, in the channel Λb → J/ψΛ0 →
µµppi−, using a displaced-J/ψ trigger [13]. The transverse momentum of the Λb
ranges from 10 to 50 GeV and the rapidity range is |y| < 2.0. In general, good
agreement is found with theoretical predictions from POWHEG, but the transverse
momentum spectrum is significantly steeper than expected, as can be observed
in Fig. 4 (left). The spectrum also falls more rapidly than the spectrum of B
mesons. The CMS Collaboration has also measured, in the same paper, the ratio
σ(Λb)/σ(Λb) finding no significant deviation from unity, although with relatively
large uncertainties.
2.5 Inclusive J/ψ production
Valuable information about bottom production can be extracted from the inclusive
study of events containing a J/ψ. A now well-established experimental technique
consists in a two-dimensional maximum-likelihood fit to the mass and lifetime, al-
lowing one to distinguish between promptly produced J/ψ and J/ψ originating from
decays of b hadrons. CMS has presented the latest measurement in [9]. Agreement
with NRQCD predictions is found for the prompt component, and with FONLL
for the nonprompt component. For example, in Fig. 4 (right) the nonprompt J/ψ
production cross section for several rapidity ranges, as measured by CMS as a func-
6 Stefano Argiro`
Figure 5. Left: polarization parameters of the Υ(1S), Υ(2S), and Υ(3S) from CMS [15]. Right:
measurement of the relative prompt-production cross section of χc2 and χc1 from CMS, compared
to the NRQCD prediction [17].
tion of pT , is compared to FONLL predictions. There is also very good consistency
of the results from CMS, ATLAS [10] and CDF [11].
2.6 Υ production and polarization
In the quarkonium sector, the CMS Collaboration has presented new results on
the production cross section [14] and polarization [15] of the Υ(1S),Υ(2S), and
Υ(3S). Cross sections are measured differentially as a function of pT (Υ) up to 35
GeV, and as a function of rapidity up to y(Υ) = 2.4. Cross section measurements
are in agreement with NRQCD predictions. Polarization measurements performed
up to pT (Υ) = 50 GeV confirm the surprising result from CDF [16] that all three
states seem to be produced unpolarized, contrary to expectations. The result is
illustrated in Fig. 5 (left). The quantities λθ, λφ and λθ,φ are coefficients of the
sin2 θ, sin2 θ cos 2φ and sin 2θ cosφ terms, respectively, in the expression for the
angular distribution of the Υ→ µµ decay.
2.7 χc2/χc1 prompt-production ratio
The CMS Collaboration has recently presented a precise measurement of the
prompt-production ratio of χc2 and χc1 [17]. In this analysis, the χc mesons are de-
tected using the radiative decay χcJ → J/ψ+γ, where the photon is detected using
its conversion into an e+e− pair in the silicon tracker. The measurement extends
up to pT (J/ψ)= 25 GeV. This technique gives a mass resolution of about 6 MeV,
permitting a clear separation between the two states. The experimental results are
compared to NRQCD and kT -factorization predictions [18]. The NRQCD predic-
tion is compatible with the data within certain assumptions on the polarization of
these states, as can be seen in Fig. 5 (right).
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Figure 6. Left: the Ξ0∗b signal published by CMS [26]. Right: the Λ
0∗
b discovered by LHCb [24].
2.8 HF photoproduction at HERA
The ZEUS and H1 experiments at HERA explored heavy-flavor photoproduction
in electron-proton collisions. Several measurements were presented in 2012. Boson-
gluon fusion is the dominant production mechanism in these experiments. To men-
tion a few examples, H1 has studied charm photoproduction with D∗ and D jets
[19] and beauty photoproduction via the process ep → ebbX → eeeX ′ [20]. The
experimental results are in agreement with theoretical predictions in both cases.
3 Spectroscopy
Spectroscopy has historically been an important tool for progress in physics. We can
think, for example, of how the study of atomic transitions helped in understanding
quantum mechanics and electrodynamics. Mesons and baryons containing a b quark
can respectively be seen as the hydrogen and helium atoms of QCD, and therefore
can play an important role in the understanding of strong interactions. The spectra
of b hadrons are described in the framework of heavy-quark effective theory [21].
In this framework, the heavy quark is viewed as a static color source, and its spin
is taken to be decoupled from the system. As an example, we can consider the
bu case. The system is characterized by three quantum numbers: L, the orbital
angular momentum of the system, jq, the angular momentum of the light quark,
and J , the total angular momentum of the system. For L = 0 the theory predicts
the B meson and the radially excited B′ when J=0, and the B∗ and B∗′ when J=1.
For L = 1 we have two doublets, one with jq = 1/2 and the other with jq = 3/2. In
the first case, we have the B∗0 with J = 0 and the B
∗
1 with J = 1. In the second case,
the B1 with J = 1 and B
∗
2 with J = 2. The four states are collectively called B
∗∗.
The B∗0 and B
∗
1 are expected to decay via an S wave and, therefore, are expected to
be wide resonances, while the B1 and B
∗
2 should decay via D wave and be narrow.
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3.1 Excited B mesons
While the B01 and B
∗
2 were observed at the Tevatron [22], their charged counterparts
have not been previously seen. The LHCb Collaboration reported the observa-
tion of the B+1 and B
∗+
2 through the decays B
+
1 → B0∗pi+ and B+∗2 → B0pi+
[23]. The B0∗ and B0 mesons are reconstructed using several decay modes:
J/ψ(µ+µ−)K∗(892)0(K+pi−), D+(K+pi+pi−)pi+ and D+(K+pi+pi−)pi+pi−pi+. The
B+1 mass is measured to be 5726.3 ± 1.9 (stat.) ± 3.0 (syst.) MeV with a signif-
icance of about 10σ, while the B∗+2 is found at 5739.0 ± 3.3 (stat.) ± 1.6 (syst.)
MeV with a significance of 4σ. The masses are in good agreement with theoretical
predictions.
3.2 Excited B baryons
The LHCb Collaboration has made the first observation of the Λ0∗b , an orbitally
excited bud system [24]. Two narrow states are observed in the Λ0bpipi invariant-
mass spectrum, using the decays Λ0b → Λ+c pi and Λ+c → pKpi, as can be seen in
Fig. 6 (right). Orbitally excited states are expected for J = 1/2 and J = 3/2. The
higher mass state was confirmed by CDF [25].
CMS has found > 5σ evidence for the Ξ0∗b [26], a bsu state of J=3/2. The
state is reconstructed via the decay chain: Ξ0∗b → Ξ−b pi+ with Ξ−b → J/ψΞ−,
J/ψ → µµ, Ξ− → Λ0pi− and Λ0 → ppi−. The mass of the Ξ0∗b is found to be
5945.0 ± 0.7 (stat.) ± 0.3 (syst.) ± 2.7(PDG) MeV. The mass peak is visible in
Fig. 6 (left).
CDF has produced the world’s most precise measurements of the masses and
widths of the Σ±b and Σ
±∗
b [27], two bud, S-wave isospin triplets with J
P = 1/2+
and JP = 3/2+, respectively.
3.3 New bottomonium states
The ATLAS Collaboration has announced the discovery of a new resonance in the
bottomonium region [28], which is interpreted as the third radial excitation of the
3PJ triplet, with J = 0, 1, 2. The experimental resolution is not sufficient to resolve
the three states, which are seen as a single peak. The 3P states are observed via
their radiative decays χb(3P ) → Υ(nS) + γ, with n = 1,2, as can be seen in Fig.
7 (left). The barycenter of the triplet is reported at 10,530 ± 5 (stat.) ± 9 (syst.)
MeV. The discovery is confirmed by D0 [29] and LHCb [30]. The observed position
of the barycenter of the three states is in agreement with theoretical predictions.
4 Lifetimes
The study of the lifetimes of hadrons containing a heavy quark gives important
informations about the interplay between weak and strong interactions. In the so-
called spectator model [31] of HF decay, the lifetime of all b hadrons is the same,
driven by the weak decay of the b quark. In reality, the strong interactions modify
this scenario, leading to differences in the lifetimes of the b hadrons. These are
predicted in the framework of the heavy-quark expansion (HQE) [32]:
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Figure 7. Left: the χb(3P) signal discovered by ATLAS [28]. Right: the lifetime of the Λb in the
paper by ATLAS [33].
ΓB ∼ |VCKM |2
∑
n
cn(µ)
(
1
mb
)n
< Hb|On|Hb > .
The Wilson coefficients cn(µ) contain the short-distance effects, and can be eval-
uated in perturbation theory. Long-distance physics is represented by the matrix
element < Hb|On|Hb > that can be computed through nonperturbative QCD sum
rules, operator-product-expansion methods or lattice QCD calculations. VCKM is
the relevant Cabibbo-Kobayashi-Maskawa matrix element. In HQE, the order 1/m2b
term distinguishes meson from baryon decays, while spectator effects of order 1/m3b
differentiate between the lifetimes of B0, B+ and B0s mesons. For example, HQE
predicts
τ(B0s)
τ(B0)
= 1.00± 0.01.
The ATLAS Collaboration has presented a new measurement of the lifetime
of the Λb [33], see Fig. 6 (right). This quantity has been controversial in past
years because of inconsistencies between the measurements. The ATLAS result is
τ(Λb) = 1.499± 0.036± 0.017 ps.
Finally, the lifetime of the Bs is an extremely interesting quantity. Because of
mixing, there are two mass eigenstates, mL and mH , with separate lifetimes and
widths. The LHCb Collaboration was able to establish that mH corresponds to the
state with the longer lifetime [34]. The final state in Bs → J/ψf0(980) is CP odd,
and allows the measurement of ΓH , which was found to be 0.588± 0.017 ps−1. On
the other hand, the channel Bs → K+K− is CP even, and, assuming CP is not
violated, led to a value of ΓL = 0.681 ± 0.021 ps−1. More details are given in the
talk by Stephanie Hansmann-Menzemer.
5 Conclusions
In 2012, an impressive number of results concerning the production, spectroscopy
and lifetimes of heavy-flavored hadrons has become available. Much of this was pos-
sible thanks to the LHC, but important contributions also came from experiments
which are now shut down. Concerning HF production, cross section measurements
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of HF hadrons were presented in exclusive and inclusive decay modes, in associa-
tion with jets, in association with vector bosons, and in other modes that were not
possible to report here. In the field of spectroscopy, the year saw the discovery of
new mesons (B+1 , B
+∗
2 and χb(3P ) ) and baryons (Λ
∗
b and Ξ
∗
b). The lifetime of the
Λb was measured with improved precision, and the lifetime of the Bs was studied
in detail.
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